Transcriptional silencing of genes transferred into hematopoietic stem cells poses one of the most significant challenges to the success of gene therapy. If the transferred gene is not completely silenced, a progressive decline in gene expression as the mice age often is encountered. These phenomena were observed to various degrees in mouse transplant experiments using retroviral vectors containing a human ␤-globin gene, even when cis-linked to locus control region derivatives. Here, we have investigated whether ex vivo preselection of retrovirally transduced stem cells on the basis of expression of the green fluorescent protein driven by the CpG island phosphoglycerate kinase promoter can ensure subsequent long-term expression of a cis-linked ␤-globin gene in the erythroid lineage of transplanted mice. We observed that 100% of mice (n ‫؍‬ 7) engrafted with preselected cells concurrently expressed human ␤-globin and the green fluorescent protein in 20 -95% of their RBC for up to 9.5 mo posttransplantation, the longest time point assessed. This expression pattern was successfully transferred to secondary transplant recipients. In the presence of ␤-locus control region hypersensitive site 2 alone, human ␤-globin mRNA expression levels ranged from 0.15% to 20% with human ␤-globin chains detected by HPLC. Neither the proportion of positive blood cells nor the average expression levels declined with time in transplanted recipients. Although suboptimal expression levels and heterocellular position effects persisted, in vivo stem cell gene silencing and age-dependent extinction of expression were avoided. These findings support the further investigation of this type of vector for the gene therapy of human hemoglobinopathies.
gene therapy ͉ thalassemia ͉ sickle cell disease ͉ retrovirus ͉ green fluorescent protein G ene silencing is commonly defined as a state of complete transcriptional repression that is epigenetically inherited through subsequent cell divisions (1) . This phenomenon has great impact on gene therapy, as transferred genes may become silenced to various degrees, depending on the presence of cis-acting elements opposing the forces of silencing (e.g., enhancers, locus control regions, matrix attachment sites, insulators), the sites of chromosomal integration, and the state of differentiation the cells initially transduced and of their subsequent progeny (2) . During development, a widespread wave of global silencing takes place at the time of implantation (3). Subsequently, progressive tissue-specific gene activation occurs (4) . In preimplantation embryos, embryonic stem cells, and hematopoietic stem cells (HSC), transferred genes are exposed to a high frequency of gene silencing (5) . Irreversible HSC gene silencing remains one of the main obstacles to the gene therapy of hematological disorders.
The discovery of DNase 1 hypersensitive sites (HS) far upstream of the human ␤-globin gene cluster with properties of an enhancer in at least HS2 greatly improved the prospects of gene therapy for the human hemoglobinopathies (6, 7) . The term locus control region (LCR) subsequently was coined to describe the properties of a 21-kb DNA fragment encompassing the previously identified DNase 1 HS sites, and this ␤-LCR was reported to confer position-independent, copy numberdependent expression on a cis-linked human ␤-globin gene in transgenic mice bearing multiple integrated copies (8) . The ␤-LCR became a source of great hope for the gene therapy of ␤-globin gene disorders because its proposed ''dominant chromatin opening'' function should shield the ␤-globin gene from silencing, and the activity of the LCR could be narrowed down to short HS cores small enough to be incorporated in gene transfer vectors (reviewed in ref. 9) .
Engraftment of mice with marrow transduced with [␤-globin͞LCR] retroviral vectors demonstrated that high levels of expression could be achieved in CFU-S colonies of transplanted mice, yet with complete lack of position-independent expression (10) (11) (12) . In long-term transplantation experiments, differences between vectors were observed. Rivella et al. (12) found complete gene silencing in HSC, whereas we observed long-term (Ͼ8 mo) expression in a significant fraction of transplanted mice, with maintenance of expression in secondary transplants (11) ; however, the remaining mice also were silenced at the stem cell level (9) . These results were attributed to the use of ''micro'' or ''nano'' ␤-LCR, which, it was argued, does not recapitulate the function of the whole ␤-LCR and is especially sensitive to silencing triggered by retroviral sequences (13) . However, the original contention that the LCR differs completely from enhancers has become doubtful in light of several exceptions to their alleged dominant chromatin opening property, especially at single integrated copy. These exceptions include silencing of an LCR-driven gene by plasmid DNA (14) , adeno-associated virus (15) or retroviral elements (5), insertion near heterochromatin regions (13) , and combination with heterologous genes (LacZ) (14) or even ␤-globin genes lacking 3Ј flanking regions (5) .
Certain retroviral vector derivatives, such as the murine stem cell virus (MSCV), have a decreased propensity to be silenced in HSC (16) . We previously have shown that their use in combination with the ex vivo preselection of transduced HSC on the basis of expression of either a cell surface marker (CD24) or the green fluorescence protein (GFP) ensures long-term expression of retrovirally transduced genes in engrafted mice, presumably by isolating HSC without initial gene silencing (16, 17) .
Here, we have investigated whether ex vivo preselection of HSC transduced with a complex retroviral vector, in which GFP is driven by the CpG island containing phosphoglycerate kinase (PGK) promoter juxtaposed to the ␤-globin͞LCR segment, can prevent stem cell gene silencing. We observed that all mice engrafted with preselected cells concurrently expressed human ␤-globin and GFP, long term, in 20-95% of their red cells. Stem cell gene silencing and age-dependent extinction of expression were, therefore, avoided, although pan-and heterocellular position effects persisted.
Materials and Methods
Retroviral Vector Design and Production. The MSCV vector (18) and the hepatitis B virus posttranscriptional regulatory element (HBPRE) (19) were kindly provided by R. Hawley (Holland Laboratory, Rockville, MD) and T. Yen (University of California, San Francisco, CA), respectively. The redshifted humanized variant of the enhanced green f luorescent protein (EGFP) gene (17) was obtained from CLONTECH. DNA sequence of the vectors will be provided on request. The AM-12 (20) and GP ϩ E-86 (21) packaging cells were kindly provided by A. Bank (Columbia University, New York). Replication competent retrovirus (RCR)-free viral supernatants were generated by standard methods (22) . EGFPpositive cells were sorted by using a FACStar ϩ (Becton Dickinson) equipped with a 5-W argon and a 30-mW helium neon laser.
Animals. Eight-to 12-week-old (C57BL͞6Ly-Pep3b ϫ C3H͞HeJ)F 1 [PepC3F1] and (C57BL͞6J ϫ C3H͞HeJ)F 1 [B6C3F1] mice were used as donor and recipient mice, respectively. All animals were bred from parental mice obtained from the Jackson Laboratory.
Bone Marrow Transduction, ex Vivo Selection, and Transplantation. Donor PepC3F1 mice were injected 4 days previously with 150 mg͞kg 5-fluorouracil (5-FU). Bone marrow (BM) cells were prestimulated for 2 days in DMEM (GIBCO͞BRL) supplemented with 15% FCS (HyClone), 10 ng͞ml of human IL-6, 6 ng͞ml of murine IL-3, and 100 ng͞ml of murine steel factor and were exposed to viral supernatants for 2 days on fibronectin (Sigma)-coated Petri dishes in the presence of 5 g͞ml protamine sulfate (Sigma). All growth factors were used as diluted supernatants from transfected COS cells prepared at the Terry Fox Laboratory (Vancouver). EGFP-positive cells were isolated by sorting on a FACStar (Becton Dickinson) 2 days after infection and injected i.v. into recipient B6C3F1 mice given 900 cGy (110 cGy͞min 123 Cs g-rays) of whole-body irradiation.
FACS Analysis. Peripheral RBC and WBC were analyzed on a FACScan flow cytometer (Becton Dickinson). Reconstitution of recipient mice with donor cells was assessed by staining WBC with a biotinylated anti-Ly5.1 antibody (PharMingen) followed by phycoerythrin (PE)-conjugated streptavidin (Southern Biotechnology Associates). The proportion of EGFP-positive WBC and RBC was assessed by FACS with or without removal of RBC, respectively, by using Ficoll (Amersham Pharmacia). The proportion of cells expressing human ␤-globin protein was assessed by FACS analysis of RBC that had been fixed and stained with a biotinylated anti-human ␤-globin antibody (Biolabs, Northbrook, IL) and streptavidin-PE.
Southern Blot Analysis. Southern blot analysis was performed by using standard methods (22) . The EGFP gene, labeled with 32 P by random priming, was used as a probe.
Quantification of Human Globin Gene Expression. Human ␤-globin RNA and protein in RBC were quantified by RNase protection assay and HPLC, respectively. Both RNase protection (10) and HPLC (23) were performed as described.
Results
Vector Design, Production, and Characterization. A diagram of the MSCV␤-globin͞HS2͞EGFP vector is shown in Fig. 1a . To prevent splicing of the viral transcript before virion packaging, the ␤-globin gene was inserted in reverse orientation with respect to the direction of viral transcription. In addition, an internal deletion of ␤-globin intron 2 and several point mutations were introduced to eliminate unwanted splice sites and polyadenylation signals, as described (10) . The natural polyadenylation signal of the human ␤-globin gene was replaced by a more potent synthetic polyadenylation signal, based on that of the rabbit ␤-globin gene (24) .
To enable us to address conditions in which gene silencing and position effects may be more prominent, we chose to place the ␤-globin gene cassette under the control of the HS2 element of the human ␤-globin LCR rather than a more complete LCR fragment. Viral producer cells were generated by using the ecotropic packaging cell line GP ϩ E-86. The producer clone used in subsequent studies yielded titers of 3 ϫ 10 5 colonyforming units per ml, as determined by transfer of EGFP expression to NIH 3T3 cells, and transmitted a full-length provirus (data not shown).
Bone Marrow Transduction and ex Vivo Isolation of Transduced Stem
Cells that Escape Initial Gene Silencing. PepC3F1 and B6C3F1 mice were chosen as donors and recipients, respectively, based on their allelic differences at the Ly5 locus: PepC3F1 mice are Ly5.1͞Ly5.2 heterozygotes, whereas B6C3F1 mice are homozygous Ly5.2. These differences allowed us to quantify precisely the levels of hematopoietic reconstitution of recipient mice (Ly 5.2) with donor (Ly 5.1) cells. Donor PepC3F1 mice were injected i.v. with 5-FU to stimulate HSC division. Marrow cells were cultured for 48 h in medium containing IL-3, IL-6, and steel factor before exposure to retroviral supernatants. FACS analysis of marrow 2 days postinfection showed 15-25% EGFP-positive cells (Fig. 1b) . In pilot experiments, we found that the percentage of reconstitution with EGFP-positive cells of mice transplanted with nonselected marrow was lower or equal to the initial gene transfer efficiency (15-25%). Southern blot analysis of hematopoietic tissues of recipient mice showed that this was because of stem cell competition with both nontransduced and transduced, yet silenced, donor cells (data not shown). Thus, to enable the transplantation of only those transduced cells in which the transgene was not initially silenced, EGFP-positive cells were selected by FACS, and 1.5-3.0 ϫ 10 5 selected cells were injected into each of seven lethally irradiated recipient B6C3F1 mice.
Kinetics of Reconstitution with Donor-Derived Cells. All mice were kept for long-term studies and monitored at regular intervals by quantitative FACS and RNase protection analysis of peripheral blood samples. In addition, three mice were killed 5.5 mo posttransplantation to enable Southern blot analysis of bone marrow, spleen, and thymus DNA. As early as 5 wk posttransplantation, the vast majority of WBC were Ly5.1-positive, demonstrating that they were derived from the transplanted donor marrow (Fig. 2a) . The proportion of Ly5.1-positive WBC remained stable between 70% and 90% for a minimum of 9.5 mo posttransplantation, the longest time point tested (Fig. 2a) . More importantly, all mice showed the presence of EGFP-positive RBC and WBC as early as 1 wk posttransplantation and reached stable levels between 2 and 3 mo posttransplantation (Fig. 2c) .
Evidence of Transduction of Totipotent Stem Cells and Long-Term
Reconstitution with Transduced Cells. At 5.5 mo posttransplantation, up to 93% of RBC (range 30-93%) and 75% of WBC (range 38-75%) were EGFP-positive, as determined by quantitative FACS analysis. These levels remained relatively stable for a period of 9.5 mo, the longest time point tested (Fig. 2c) .
Southern blot analysis of DNA obtained from bone marrow, spleen, and thymus of mice killed at 5.5 mo posttransplantation showed that the vast majority of cells within these organs harbored intact recombinant provirus (Fig. 2b , and data not shown). The average number of proviral copies per cell, after normalizing for DNA loading and chimerism, was 1.
To provide stronger evidence for transduction of HSC and to determine whether EGFP expression would be maintained for extended periods of time in vivo, bone marrow from one primary recipient of MSCV␤-globin͞HS2͞EGFP-transduced marrow killed 5.5 mo posttransplantation was injected into two secondary lethally irradiated mice. The proportion of EGFPpositive RBC and WBC ranged from 74% to 90% and 73% to 94%, respectively, and was maintained for a minimum of 8 mo posttransplantation, the longest time point tested (Fig. 3) . Southern blot analysis of DNA obtained from bone marrow, spleen, and thymus of these secondary recipients confirmed that the majority of cells within these organs harbored intact recombinant provirus (data not shown). In addition, to quantify better the proportion of marrow cells that contained intact provirus, bone marrow from the three primary recipients killed at 5.5 mo posttransplantation was i.v.-injected into secondary lethally irradiated mice to generate day-12 spleen colonies. Southern blot analysis of 43 individual spleen colonies showed that all 43 (100%) contained intact recombinant provirus (data not shown), demonstrating that the vast majority of bone marrow cells harbored the EGFP and human ␤-globin transgenes. Human ␤-globin mRNA was detected in RBC from all transplant recipients at all time points tested (range 0.1-20% of endogenous mouse beta-major mRNA) (Fig. 4) . These levels remained relatively constant over extended periods posttransplantation, averaging 3.1% (SD 1.3%) of endogenous mouse ␤-major at 9.5 mo, the last time point analyzed (Fig. 4) .
Furthermore, human ␤-globin protein was detected in RBC from all mice at all time points tested by intracellular staining of RBC with a human ␤-globin chain-specific mAb (Fig. 5a ). The proportion of human ␤-chain-positive RBC ranged from 10% to 78% (Fig. 5) . Human ␤-globin protein was not detected in WBC (data not shown). The presence of human ␤-globin protein in RBC was confirmed by HPLC analysis in both primary and secondary recipients analyzed at 4.5 or 2 mo posttransplantation, respectively (data not shown). Together, these data demonstrate sustained, high-level expression of human ␤-globin mRNA and protein in all transplant recipients and a lack of time-dependent extinction of globin transgene expression. However, positiondependent effects on human ␤-globin gene expression were still observed.
Concurrent but Heterocellular Expression of GFP and ␤-Globin with
Position-Effect Variegation. A strong correlation between ␤-globin and EGFP expression in RBC from transplanted mice was observed (range 37-75% vs. 30-90% for ␤-globin and GFP, respectively, R 2 ϭ 0.7), suggesting that the provirus was either capable of expressing both transcriptional units (␤-globin and EGFP) or none at all (Fig. 5b) .
Discussion
Although retrovirus-mediated gene transfer of a globin gene derivative into HSC holds promise for the gene therapy of thalassemias and sickle cell disease, this ultimate goal continues to pose various challenges. Recent years have seen progress in the design of stable [␤-globin͞LCR] retroviral vectors by preventing unwanted splicing of the full-length viral RNA and facilitating its nucleocytoplasmic export before virion packaging. The present study corroborates these findings by demonstrating reliable, high-titer transfer of an intact provirus to transduced cells.
Most current efforts are now focused on controlling the expression of the transferred ␤-globin gene and avoiding stem cell gene silencing, age-dependent extinction of expression, and position-dependent expression at suboptimal levels. Chromatinmediated gene silencing is increasingly recognized as an essential mechanism of the developmental control of gene expression and the protection against genome invaders, such as viruses and transposons. It is, therefore, not surprising that evidence of gene silencing has been observed frequently in gene therapy experiments, which include transfer of [␤-globin͞LCR] vectors. In this study, we investigated whether preselecting HSC in which the transferred provirus is not initially silenced, on the basis of EGFP expression ex vivo would ensure maintenance of ␤-globin gene expression in vivo after transplantation. Simultaneously, the preselection procedure also should eliminate nontransduced stem cells from the graft.
We first demonstrate long-term reconstitution of 100% mouse transplant recipients with virtually 100% transduced cells con- taining an intact provirus. Evidence of gene transfer to totipotent HSC includes: (i) the presence of intact proviral DNA by quantitative Southern blot analysis in all lineages (spleen, thymus, and bone marrow) at approximately 1 copy per cell in virtually all donor-derived cells (Ͼ90%), (ii) transfer of intact proviral DNA in 100% of CFU-S analyzed, (iii) long-term (Ͼ9 mo) expression of EGFP and human ␤-globin in peripheral blood cells of all mice, and (iv) duplication of the above results in secondary transplants. More importantly, we demonstrate that stem cell preselection avoids both subsequent gene silencing at the stem cell level in vivo and age-dependent extinction of expression, even when HS2 alone was used rather than a more complex LCR derivative. We show that 100% of the mice expressed EGFP in their peripheral blood cells (range 20-95%) as long as they were analyzed (Ͼ9 mo) without significant decrease in expression as the mice aged. The utility of the preselection procedure was evidenced by previous failures in achieving such high gene expression levels with the same vector but omitting the step of preselection. In contrast to our previous uses of bicistronic vectors, the ␤-globin gene was merely cislinked to the PGK-EGFP cassette, whose expression was used for ex vivo preselection. This suggests that selecting for provirus integration into sites of active transcription at the stem cell level on the basis of EGFP expression ex vivo exerts a positive effect on the transcription of a cis-linked gene whose expression is recruited later during erythroid differentiation. This hypothesis is corroborated by the fact that EGFP-positive WBC were negative for human ␤-globin expression, showing appropriate erythroid specificity, whereas EGFP and human ␤-globin were simultaneously expressed in RBC. Thus, one proviral transcriptional unit did not impair expression of the second as previously observed but, rather, both units were regulated concurrently.
However, human ␤-globin expression levels per RBC remained suboptimal, heterocellular, and not independent from the sites of chromosomal integration (0.15-20% of endogenous mouse ␤-major mRNA; 10 -78% proportion of human ␤-globin expressing RBC), as was expected from the mere use of HS2 alone. In the future, inclusion of more complex LCR elements may significantly enhance expression levels but may not guarantee complete and position-independent expression (5).
Gene silencing is not merely the result of the lack of available transcriptional activators because it is greatly influenced by position effects. Chromatin modifications are an integral part of the mechanism of gene silencing (25) .These alterations include CpG methylation (2, 26) , histone deacetylation, and H1 histonemediated chromatin compaction (2, 25) . It is tempting to hypothesize that these molecular events also play a critical role in the suboptimal and heterocellular expression of the transferred ␤-globin gene and that chromatin insulators or barriers will prove to be useful remedies. Further understanding of the molecular interplay between host chromatin and [␤-globin͞LCR] provirus ultimately may lead to general solutions for optimal control of transgene expression with major implications for the treatment of the hemoglobinopathies and for the field of gene therapy as a whole.
